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The time-resolved nonlinear transmission of bulk E-GaSe has been studied in the femtosecond 
regime when resonantly exciting the material in the vicinity of the exciton at room 
temperature. Two regimes are evidenced. At early time delay, a blue shift of the exciton with 
no linewidth broadening can be related to optical Stark effect, while at ionger time delay the 
usual exciton screening and band-gap rcnormaiization due to real electronic transitions is 
observed. At resonance, a dependence of the Stark shift with the amplitude of the exciting field 
is obtained, as predicted by a simple "dressed-atom" modeL 
In the past few years, a great wealth of results has been 
obtained in the field of optical Stark effect. Most of the inter-
est was focused on the off-resonance study of HI-V multi-
quantum well structures as far as semiconductors are con-
cerned. 1--4 We report here on resonant excitonic excitation in 
bulk GaSe. 
Gallium selenide. in its E form, crystallizes in the D~h 
symmetry and has a layered structure. The electronic band 
structure in the center of the first Brillouin zone is quite flat; 
the reduced electron-hole mass is five times larger than that 
in GuAs. 5 The exciton bound to the gap has, therefore, a 
strong binding energy of20 meV. The phonon broadening of 
the exciton at room temperature is of the order of 10 meV, so 
that it is easily observed in an optical transmission experi-
ment." This feature is more commonly found in multiple 
quantum weB structures due to confinement effects. The ex-
citon energy, as measured from the top of the valence band, 
is 2 eV, coincident with the central photon energy ofthe laser 
used in this work. 7 The first excitonic excited state lies 20 
meV above the ground state. In the D lh group the dipolar 
transition is forbidden in our transmission geometry EIC, 
where C is the optical axis orthogonal to the iayers, How-
ever, excitonic absorption is partly allowed due to spin-orbit 
coupting, and its oscillator strength is one order of magni-
tude less than in allowed geometries. For all these aspects, 
GaSe is a very good candidate when one is interested in room 
temperature, excitonic resonance of nonlinear optical prop-
erties.s ' 
The GaSe sample was prepared using the Bridgman 
method and was not intentionally doped, A small part of a 
1 X 1 cm2 platelet of E-GaSe was carefully peeled down and 
its thickness measured using a white light interferometric 
technique in the transparency regime, combined with the 
optical index data available in the literature9- 1 \ and was 
found to be 15 ± 1 [lm. 
We could not achieve antireflection coating of the sam-
ple using our currently available evaporation techniques. 
This unfortunate situation is related to the complete bound 
saturation of the layers. 
Our experiments were performed using a transmission 
pump-prope technique. Light pulses are generated by a dis-
persion compensated colliding pulse mode-locked dye la-
ser!2 whose duration is adjusted to ~ 150 fs in order to 
match the spectral bandwidth to the exciton width. These 
pulses are amplified up to 3 pJ through a two-stage amplifier 
pumped by a 20 Hz repetition rate, doubled Nd:YAG laser. 
The six-pass preamplifier has been described elsewhere 13 
and the second stage is a 3-cm-long, transversally pumped 
celL By changing the dye in the latter cell from kyton red to 
sulforhodamine 101, in water we are able to downshift the 
central photon energy of the pulses by 9 mn. The pulses were 
split into two. One pulse was used as a pump having a maxi-
mum energy of 1 ;t1; the other one was passed through a 2-
em-long mono mode fiber to generate a continuum. After 
recompression through a prism-based double-pass disper-
sive delay line, the duration of the continuum was of the 
order of20 fs, and the spectral fun width at halfheight was of 
the order of 40 um. This method eliminates spurious effects 
due to spectral chirps in the continuum. Pump and probe 
were orthogonally polarized to aU ow for elimination of the 
pump light scattered by the sample before spectral analysis 
by an optical multichannel analyzer. 
The probe spectra transmitted through the sample 
showed the usual Perot-Fabry fringe pattern due to the high 
reflectivity ( - 25%) of the air-sample interfaces. A Fourier 
analysis of the transmitted spectra clearly shows in the time 
domain the various reflections of the probe pulse inside the 
Perot-Fabry cavity, as well-separated contributions delayed 
by - 300 fs. By eliminating these muItireflected pulses, we 
were able to get rid of the fringes after inverse Fourier pro-
cessing. 
Figure 1 shows absorption spectra (ad) of E-GaSe un-
der resonant excitation for various time delays between 
pump and probe and an intensity ofR GW Icm2 , correspond-
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FIG. I. Absorption spectra (ad vs energy) of E-GaSc for various pump-
probe time delays. 
ing to a maximum carrier density of4X 10 17 cm- _l, The exci-
tonic blue shift is so large under such conditions-up to 10 
meV-that there is no need for any differential technique. 
The bottom spectrum is an unperturbed reference absorp-
tion of the sample. One can easily distinguish two regimes in 
Fig. 1. At early times the exciton peak undergoes a blue shift 
with no relevant broadening. We propose here to interpret 
this early shift as being due to optical Stark effect. At longer 
time delays, the excitonic and free-carrier populations gener-
ated by the real electronic transitions induced by the pump 
photons strongly afrect the absorption spectrum, The exci-
ton is further shifted toward the blue due to screening effects 
by both excitons and free carriers. It eventually broadens 
and disappears due to ionization and scattering. At even 
longer time delays (> 300 fs) band-gap renormalization 
takes place. These later features arc long lasting because real 
electronic populations are responsible for them. 
In Fig. 2, the behavior ofthe exciton is shown as a func-
tion of the detuning between the exciting pump pulse and the 
unperturbed exciton. The three curves were obtained at the 
same time deltty ( -- 70 fs) and comparable pump intensity 
( ~ 10 GW Icm1 ). As mentioned earlier, the pump excita-
tion below the exciton was achieved by using sulforhoda-
mine tol in the second stage ofthe amplifier and in that case 
the detuning n = Ex - 1M -= 9 meV. At resonance, kyton 
red was used as a dye. The curve corresponding to above 
resonance excitation was obtained with kyton red and by 
slightly heating the sample (T ~ 35 T), which shifts the ex-
citon toward low energies by 14 meV. The central photon 
energy of the pump is then above one half-width of the exci-
ton and almost coincident with the n = 2 first excited state of 
the exciton. 
When going from Fig. 2(b) to Fig, 2(c), one can ob-
serve an increase of the cxcitonic shift which points out the 
resonant behavior of the optical Stark effect. When exciting 
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FIG. 2. Exciton shift for different detunings for the same time dd,lY ( -- 70 
fs) and comparable rump intensities (a) reference ~pcctrum, (b) excitation 
<l mcV below the exciton, (c) cxitation at resonance, and (ell excitation 14 
meV above the exciton. 
above the exciton [Fig. 2 (d) J, no shift is observed under our 
experimental conditions. However, in the latter case, the ex-
citon undergoes a blue shift for higher pump intensity and/ 
or larger time delays and it is then not easy to distinguish 
between the Stark effect and exciton screening effects. 
In the very simple "dressed atom" model (1), one con-
siders a two-level electronic system with ground state Eo and 
one photon 1M and an excited state E I • When the photon is 
coupled to the m,tterial system via dipolar interaction the 
shift of the two-level system is given by 
(1) 
Here n = E j -- Eo - fM is the detuning and € is the electro-
magnetic field amplitude. The dipolar coupling constant P 
includes excitonic parameters such as the modulus squared 
of the exciton envelope function at r = 0 and the parameter 
describing the excitonic nonlinearity due to the underlying 
Fermi statistics. 14.15 
Far from resonance, f!;p 2P€, Eg. (l) gives the usual 
expression for the optical Stark shift: 
(j.E~2p2E2/n, (2) 
showing the dependence of the shift upon the electromagnet-
ic field intensity and the resonant behavior. 
At resonance, n = 0, expression (1) reduces to 
t.E = 2PE, (3) 
Hirlimann et al. 2308 
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FIG. 3. Exciton shift at resonance vs the relative pump-field amplitude at 
the same time delay ( -- 70 fSj. 
in which the exciton shift depends only on the field ampli-
tude, i.e., the square root oftne pump intensity. 
A test of this prediction is shown in Fig. 3 where the 
variation of the exciton shift is plotted versus the square root 
ofthe relative pump intensity. The experimental points were 
obtained by measuring the shift of the exciton peak maxi-
mum for various attenuations of the pump always at the 
same time delay of - 70 fs between pump and probe. As can 
be seen, the result confirms the behavior given by Eq. (3) 
and gives support to the interpretation of the resonant exci-
ton shift at early iime delays in terms of optical Stark effect. 
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Expression (2) predicts a red shift of the exciton when 
exciting above resonance n < 0 which is not observed, but 
the model involved is too simple to be funy realistic. A model 
for the resonant optical Stark effect has not yet been estab-
lished in which the fuji coupling of the light field with the 
total electronic system would be considered. More, collec-
tive interactions of the carriers and excitons created by the 
photon should be added. 
We have explored, in bulk €-GaSe, the absorption 
changes induced by intense 150 fs light pulses whose photon 
energy is dose or equal to the unperturbed exciton. It has 
been found that, at early times in the pump envelope, the 
observed large shift for the exciton can be interpreted as due 
to optical Stark effect. 
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